This work aims to study the influence of the spraying parameters on the spray flow field and coating thickness distribution during the air spraying process. The shaping air pressure and the target geometry have an important influence on the distribution of coating film thickness. This paper begins with a 3-D physical model of an air spray gun, in which unstructured grids were generated for control domain. A grid independency study was also carried out to determine the optimal number of cells for the simulations. Then the Euler-Lagrange method was used to describe the two-phase spray flow by establishing a paint deposition model. The numerical simulation based on the discrete phase model (DPM) and TAB model has been carried out. A reasonable assumption was proposed based on the analysis of the spraying process, so that the droplets were injected into the airflow at the position of the paint hole. The influence of the shaping air pressure on the air flow field and the coating thickness distribution was analyzed by changing the shaping air pressure. From the numerical simulation results, it can be concluded that the smaller the shaping air pressure, the more concentrated the coating. With increasing the shaping air pressure, the length of the coating film along z-axis gradually increases, the width along x-axis gradually decreases, and the spray area gradually increases. The paper ends with a numerical simulation and experimental study on planar vertical spraying, planar tilted spraying, and cylinder spraying. Comparisons and experiment results verify the validity and practicability of the model built in this paper.
Introduction
Thanks to the advantages of robot spraying, such as high efficiency, better service, and protecting workers from extreme working environments, spraying robots are widely used in industries, including automobile, furniture, and spaceflight industries. Demonstration and off-line programming are two common methods used in robot spraying. Demonstration is not flexible, and the spraying quality depends more on workers' experience, while off-line programming can avoid such shortcomings. It goes like this: optimized objective function for best service quality is established according to the work-piece surface parameters and the model of coating thickness distribution and the spraying profile will be obtained through solving optimization problems [1] .
Whether the model of coating thickness distribution can be calculated or not is vital for the planning of spraying profile and the improvement in spraying quality. Earlier researchers have adopted empirical formulas to simplify the spraying models, among which the infinite-range models include Cauchy distribution model [2] and Gaussian model [3] , and the finite-range models which are parabolic
Mathematical Model
In reality, spraying flow field can be seen as a two-phase flow of air and fluid, because the jet stream can atomize the coating into droplets, which will be sent to the target surface and form into a film. The Euler-Lagrange method was used in the modeling of the spraying process, and air was calculated in the Euler coordinate system in the form of continuous phase while droplets were calculated in the Lagrange coordinate system in the form of discrete phase. Source items of the governing equation were modified for the coupling between continuous phase and discrete phase.
The flow field of the gas phase is based on the fundamental conservation law, namely the continuity and momentum equations, which play an important role in the spray-painting process. The prediction of the flow field of the gas phase was obtained by solving the time-averaged Navier-Stokes equations and combining with the appropriate closure model for turbulence. The most commonly used model is the so-called k-ε, proposed by Launder and Spalding [14] . Many improvements of the k-ε model have been proposed [15, 16] . In this paper, turbulent transport was modeled using the realizable k-ε model.
In the Lagrange coordinate system, droplet trajectories were calculated by integration of the equation of motion, du p
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Numerical Simulation

Structure of Spray Gun and Meshing
As shown in Figure 1 , the coordinate system O-XYZ was established. The origin point O is located at the center of the atomizing hole, the X axis is parallel to the short axis of the coating, the Y axis is parallel to the axis of the air spraying gun, and the Z axis is parallel to the long axis. G F is the gravity force. Other forces, such as Saffman's lift and virtual mass force may be neglected, since the volume fraction of liquid is less than 1%.
Numerical Simulation
Structure of Spray Gun and Meshing
As shown in Figure 1 , the coordinate system O-XYZ was established. The origin point O is located at the center of the atomizing hole, the X axis is parallel to the short axis of the coating, the Y axis is parallel to the axis of the air spraying gun, and the Z axis is parallel to the long axis.
The 3-D model of air cap of air spray gun used in this paper is presented in Figure 2 . It can be seen that in the model center is a round coating hole with a diameter of 1.5 mm and that an annular atomization hole surrounds the coating hole, from which the jet stream speeds up and helps atomize the liquid jet. On both sides of the hole there are four symmetric auxiliary atomization holes with a diameter of 0.5 mm, which mainly help maintain a clean surface of the nozzle; on the two sides of the air cap, there are four symmetric fan control holes with a diameter of 2 mm, which provide air flow in a certain angle to the main atomization gas flow so that the shape of spray flow field can be changed for an oval distribution of the coating. The 3-D model of air cap of air spray gun used in this paper is presented in Figure 2 . It can be seen that in the model center is a round coating hole with a diameter of 1.5 mm and that an annular atomization hole surrounds the coating hole, from which the jet stream speeds up and helps atomize the liquid jet. On both sides of the hole there are four symmetric auxiliary atomization holes with a diameter of 0.5 mm, which mainly help maintain a clean surface of the nozzle; on the two sides of the air cap, there are four symmetric fan control holes with a diameter of 2 mm, which provide air flow in a certain angle to the main atomization gas flow so that the shape of spray flow field can be changed for an oval distribution of the coating. ICEM was used for unstructured meshing, as shown in Figure 3 . The air cap is located at the center of undersurface and the top surface of control domain is the target spray surface. Considering the size of the air cap and requirements of numerical simulation, the length and width of the control domain are 400 mm and 200 mm, respectively, and the spray distance (distance from the paint hole to the intersection of the axis of the spraying gun and the target) is 200 mm. To make the computation more accurate and to limit the total number of grids, a denser grid was used in the area around the nozzle because of the relatively small geometric construction and big gradient changes of fluid flow around the nozzle. The area far away from the nozzle uses a sparser grid. ICEM was used for unstructured meshing, as shown in Figure 3 . The air cap is located at the center of undersurface and the top surface of control domain is the target spray surface. Considering the size of the air cap and requirements of numerical simulation, the length and width of the control domain are 400 mm and 200 mm, respectively, and the spray distance (distance from the paint hole to the intersection of the axis of the spraying gun and the target) is 200 mm. To make the computation more accurate and to limit the total number of grids, a denser grid was used in the area around the nozzle because of the relatively small geometric construction and big gradient changes of fluid flow around the nozzle. The area far away from the nozzle uses a sparser grid. 
Numerical Computation Parameters and Initial Conditions Setting
The important parameters of the atomizer and the major properties of the materials are shown in Tables 1 and 2. The air inlet temperature is 300 K and the working pressure is 1 standard atmospheric pressure. The sprayed surface was set as a solid wall surface; suppose there was no heat transmission or velocity slip and the boundary condition of discrete phase was set as "trap" and the other wall surfaces were "reflect". 
The important parameters of the atomizer and the major properties of the materials are shown in Tables 1 and 2. The air inlet temperature is 300 K and the working pressure is 1 standard atmospheric pressure. The sprayed surface was set as a solid wall surface; suppose there was no heat transmission or velocity slip and the boundary condition of discrete phase was set as "trap" and the other wall surfaces were "reflect". The initial condition of discrete phase is vital to the spraying simulation. One common method goes like this: the velocity and size distribution of droplets were measured through experiments and then the discrete phase was added somewhere in the control domain to stimulate, when the fluid was assumed to be totally atomized. To make the analog computation not so dependent on experiments, the discrete phase was added at the inlet of spraying hole, so that the influence of gas flow on the movement of droplets can be taken full consideration. Spraying hole was set as the mass inlet, mass flow rate 1 × 10 −3 kg/s, initial velocity 5 m/s, and density 1.2 × 10 −3 kg/m 3 .
Due to the complexity of liquid atomization process, the spray model established in previous studies was generally based on the assumption that the liquid instantly breaks into small droplets after leaving the nozzle. The size distribution of the droplets was obtained by experiments, which was time-consuming and expensive. Moreover, the description of droplet was not accurate, bypassing the breakup of the droplets. In this work, the Taylor analogy breakup (TAB) model [17] was used to predict the secondary breakup and the child droplets' diameters. Since the TAB model is not intended to model the primary breakup, we have to set up a model that can be used as input to the TAB model. According to reference [18] , droplets with an initial diameter of 65 µm were injected into the airflow at the position of the paint hole in this work. In the absence of an accurate model, this assumption is considered accurate.
In this paper, the simulation was conducted through finite volume method on a commercial software-ANSYS-Fluent 16.0. The spraying flow field can be seen as a two-phase flow of air and droplets. Since the droplets were sparse, discrete phase model was adopted in the simulation through the Euler-Lagrange method. During the modeling, air phase was treated as a continuous phase while droplets were treated as a discrete phase. Mass-momentum-heat Euler conservation equation was used in the modeling of air phase, and high-speed 3-D compressible air flow was calculated through a coupled solver. In the modeling of turbulence transmission, standard k-ε model was selected. Stochastic tracking approach was used to simulate the turbulent diffusion of droplets by calculating the track of mounts of typical particles. The realizable k-ε model with scalable wall function was used to model the turbulent transport. The couple solver was used to calculate the 3-D in compressible airflow. The Eulerian film model was used to calculate the coating film thickness distribution on the target.
While calculating the track of particles, the changes in heat and momentum of particles can be tracked as well. These physical quantities were used in the calculation in continuous phase to alternately solve the governing equation of discrete phase and of continuous phase until convergence appears. In this way, a dual-phase two-way coupling calculation was achieved.
Results and Discussion
Grid Independency Study
In the process of numerical simulation, the grid quality will affect the accuracy of calculation. Furthermore, the more cells, the longer the calculation time. In order to eliminate the influence of the number of cells on the calculation results and determine the optimal number of cells for the simulations, the study of grid independence was carried out.
In order to carry out the grid independence study, five kinds of grid were generated, with 0.2, 0.5, 0.8, 1.1, and 1.4 million cells. The atomization pressure was 0.15 MPa, and the shaping air pressure was 0.07 MPa. Figure 4 shows the effect of the number of cells on the air velocity along the air spraying gun axis. When the number of cells is small, the calculation results are related to the number of cells. When the number of cells is more than 0.8 million, the curves of air velocity along the axis Coatings 2019, 9, 721 6 of 15 keep the same, which indicates that the calculation results are convergent. The calculation results are independent of the number of cells. In this paper, the grid with 0.8 million cells was selected for numerical simulation.
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The Influence of Shaping Air Pressure on Air Flow Field
In order to study the influence of the shaping air pressure on the airflow field, we have chosen four different shaping air pressures, respectively: 0, 0.02, 0.05, 0.07 MPa. The velocity contours along the long and short axis for four different shaping air pressures, which are shown in Figures 5 and 6. To make it easier to watch the overall flow field distribution, the maximum visual velocity was set at 50 m/s. The area near the spraying gun has higher airflow velocity. The airflow field is deformed due to the shaping air. There is a wide extension along Z, and a narrow extension along X. When the shaping air pressure is 0 MPa, the airflow field along Z and X has the same width. With increasing shaping air pressure, the width of the airflow field along Z gradually increases, and the width along X gradually decreases. 
The Influence of Shaping Air Pressure on Coating Film Thickness Distribution
The coating film thickness distribution contours under different shaping pressure are shown in Figure 7 . The dependency of the coating film thickness on the shaping air pressure is shown in Figure 8 and Table 3 . The liquid paint is transported to the plate under the action of airflow. The coating film thickness distribution is greatly influenced by the shaping air. When the shaping air pressure is 0 MPa, the coating film is round in shape. The length of both the long and short axis was 78 mm, and the area of the coating film was about 4775.94 mm 2 . The liquid paint was concentrated in the center of the plate. With increasing shaping air pressure, the length of the long axis of the coating film gradually increased, and the length of the short axis gradually decreased. The coating film thickness at the center of the plate decreased gradually, and the area of the coating film increased gradually. When the shaping air pressure is 0.07 MPa, a quite narrow elliptic coating film was formed with a narrow extension along X. The length of the long axis was 286 mm, and the short axis was 51 mm. The area of the coating film was 11450.01 mm 2 . 
Experimental Investigation
To verify the simulation results, an air spraying experiment was conducted. The spraying robot used in this paper is shown in Figure 9 , and the coating thickness gauge is shown in Figure 10 . The spraying reached as high as 200 mm and lasted for 1 s, which was measured through a stopwatch. After the coating film was solidified, its thickness was measured through a coating thickness gauge along the long axis at an interval of 10 mm. At each point, the thickness was measured five times and the average value was seen as the thickness, which was divided by five. The final value is the thickness at the time of 0.2 s. The thickness from analog simulation was that of wet coating film, which should be transformed into that of dry coating film through the following equation:
where h 1 is the thickness of wet coating film; h 2 is the thickness of dry coating film, and V s is the content of solid in paint volume. 
where i x is the thickness of each measurement, x is the mean value of n measurements. n is the number of repeated measurements at each point.
Planar Vertical Spraying
In order to verify the applicability of the numerical method, additional tests were carried out by purposefully increasing the complexity of the target geometry. The plane vertical spraying is shown in Figure 11 . The shaping air pressure is 0.07 MPa. Figure 12 shows the comparison of experimental and simulated coating film. The shape and size of the coating film of the experiment is quite similar to that of numerical simulation: the coating film is a narrow oval in shape. Figure 13 shows the comparison of experimental and simulated coating film thickness distribution in the The measurement uncertainty of the coating film thickness was analyzed by solving the sample standard deviation. The sample standard deviation of each measurement point can be expressed as Equation (3).
where x i is the thickness of each measurement, x is the mean value of n measurements. n is the number of repeated measurements at each point.
In order to verify the applicability of the numerical method, additional tests were carried out by purposefully increasing the complexity of the target geometry. The plane vertical spraying is shown in Figure 11 . The shaping air pressure is 0.07 MPa. Figure 12 shows the comparison of experimental and simulated coating film. The shape and size of the coating film of the experiment is quite similar to that of numerical simulation: the coating film is a narrow oval in shape. Figure 13 shows the comparison of experimental and simulated coating film thickness distribution in the plane X = 0. It can be seen that the simulated and experimental results are in good agreement. Figure 14 shows the sample standard deviation of each measurement point. The standard deviation at the middle position is larger, and gradually decreases towards both sides. The maximum value of the standard deviation is 0.22 µm. It indicates that the measurement results are reliable. 
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Planar Tilted Spraying
In reality, the shape of the target is usually complicated, so the spraying gun cannot be always vertical to the target surface and the target surface is not always a plane. Therefore, plane tilted spraying and cylindrical spraying were taken into consideration in this paper. In planar tilted spraying, the spraying gun is 60° to the target surface, which is shown in Figure 15 . Parameter settings are the same with those in planar vertical spraying. The coating film from the experiment is basically identical to that from the simulation in terms of shape and size. The length of the coating film is longer on the side far away from the spraying gun than the other, as is displayed in Figure 16 . The comparison of experimental and simulated coating film thickness distribution in the plane X = 0 is shown in Figure 17 , which reveals that the experimental results are in agreement with the simulated result. Figure 18 shows the sample standard deviation of each measurement point. The maximum value of the standard deviation is 0.24 μm. It indicates that the measurement results are reliable. 
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Cylindrical Spraying
In cylindrical spraying, the target surface is an arc surface with a diameter of 400 mm, which is shown in Figure 19 . The parameter settings are the same with those in planar vertical spraying. The coating film from the experiment and that from simulation are basically the same in terms of shape and size: an oval shape, just as is displayed in Figure 20 . Due to the convex surface, the length of long axis of coating film is longer than planar vertical spraying, and the film thickness is smaller. Figure 21 shows the comparison of experimental and simulated coating film thickness distribution in the plane X = 0. It can be seen that the simulated and experiment results are in good agreement. Figure 22 shows the sample standard deviation of each measurement point. The maximum value of the standard deviation is 0.25 μm. It indicates that the measurement results are reliable. 
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Conclusions
First of all, in this paper, a 3-D physical model of an air spraying gun was established. Unstructured grids were generated for control domain. A grid independency study was also carried out. When the number of cells is small, the calculation results are related to the number of cells. When the number of cells is not less than 0.8 million, the curves of air velocity along the axis stay the same, which indicates that the calculation results are convergent and independent of the number of cells. Therefore, the grid with 0.8 million cells was selected for numerical simulation in this paper.
Secondly, numerical simulation based on the TAB model and the DPM model was carried out to describe the two-phase flow field. The TAB model was used to predict the secondary breakup and the child droplets' diameters. The DPM model was used to calculate the droplets' trajectories. The shaping air has great influence on the airflow field and the coating film thickness distribution. The smaller the shaping air pressure, the more concentrated the coating at the center of target, which easily leads to overspraying. With increasing shaping air pressure, the length of the airflow field and 
Secondly, numerical simulation based on the TAB model and the DPM model was carried out to describe the two-phase flow field. The TAB model was used to predict the secondary breakup and the child droplets' diameters. The DPM model was used to calculate the droplets' trajectories. The shaping air has great influence on the airflow field and the coating film thickness distribution. The smaller the shaping air pressure, the more concentrated the coating at the center of target, which easily leads to overspraying. With increasing shaping air pressure, the length of the airflow field and coating film along the Z-axis gradually increases, and the width along gradually decreases, and the area of the coating film gradually increases. So, the spraying guns that have large shaping air pressure could obtain higher spraying efficiency and better spraying quality. However, if the shaping air pressure is too large, it may result in lower paint utilization. When the shaping air pressure is 0 MPa, the airflow field along Z and X has the same width, the coating film is round in shape, both the length of the coating film along Z-axis and the width along X-axis are 78 mm, and the area of the coating film is about 4775.94 mm 2 . When the shaping air pressure is 0.07 MPa, a quite narrow elliptic coating film is formed with a narrow extension along X-axis, the length of the coating film along Z-axis is 286 mm, the width along X-axis is 51 mm, and the area of the coating film is 11450.01 mm 2 .
Lastly, experiments and numerical simulations were carried out for planar vertical spraying, planar tilted spraying, and cylindrical spraying, respectively. The coating film of simulation and experiment are almost the same in shape and size; besides, the coating film thickness distribution of simulations and experiments are in good agreement. All these indicate that the numerical simulation method used in this paper is feasible and applicable for a complicated target.
